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ABSTRACT: We present a systematic survey of possible short-distance new-physics effects in
(semi)leptonic charged- and neutral-current charmed meson decays. Using the Standard Model
Effective Field Theory (SMEFT) to analyze the most relevant experimental data at low and high
energies, we demonstrate a striking complementarity between charm decays and high invariant
mass lepton tails at the LHC. Interestingly enough, high-pT Drell-Yan data offer competitive con-
straints on most new physics scenarios. Furthermore, the full set of correlated constraints from K,
pi and τ decays imposed by SU(2)L gauge invariance is considered. The bounds fromD(s) decays,
high-pT lepton tails and SU(2)L relations chart the space of the SMEFT affecting semi(leptonic)
charm flavor transitions.
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1 Introduction
Understanding flavor transitions in the up-quark sector may prove crucial for unraveling the flavor
puzzle and unveiling physics beyond the Standard Model (SM). A promising line in this direction
is the investigation of transitions involving charmed hadrons. The recent discovery of direct CP
violation in D mesons decays [1] illustrates the maturity of this field and its potential to lead to
new discoveries in the near future. In fact, an unprecedented amount of data on charm decays
is expected to be collected at BES III [2], LHCb [3] and Belle II [4] experiments. Could this
experimental program provide a charming gateway to new physics?
Leptonic and semileptonic charmed meson decays are an important benchmark in this pro-
gram. These are exploited to determine the CKM matrix elements [5, 6] and have been shown to
be sensitive probes of New Physics (NP) [7–9]. On the other hand, the interpretation of hadron
weak decays requires calculations of hadronic matrix elements in lattice QCD which in the charm
sector are becoming available with increasing precision [6, 10–16]. Neutral-current decays are a
priori more sensitive to NP because of the strong GIM suppression of the short-distance contribu-
tions in the up-quark sector [17–23]. Nonetheless, these are typically dominated by long-distance
hadronic effects, which are difficult to treat from first principles [23–27], hampering a direct theo-
retical interpretation of the data in terms of short-distance physics. In principle, both charged- and
neutral-current decays could be affected by NP and the recent example of the B-meson anoma-
lies [28–38] prompts us to be open about the possible forms in which they could appear.
These anomalies have also fostered a more direct interplay between the traditional program
of flavor physics at low energies and searches of NP in high-pT tails at the LHC. Crossing sym-
metry allows one to connect univocally the decay and scattering amplitudes. If the NP scale is
quite higher than the energies reached in the respective physical processes, this connection can be
established model-independently using effective operators for the NP interactions. In high-energy
proton-proton collisions, heavy flavors are virtually present in the initial states and can be pro-
duced in the final states. As required by unitarity arguments, above the electroweak (EW) scale the
SM scattering amplitudes drop with energy while effective NP contributions keep growing. This
energy-growing effect can compensate for the lower statistics in the high-pT tails, and provide com-
petitive probes to the traditional low-energy high-intensity program. This will become especially
relevant with the upcoming high-luminosity phase at the LHC (HL-LHC) [3].
The importance of combining low-energy data and high-pT LHC data to constrain flavor-
changing interactions has been already pointed out for the three light quarks [39–41], the bottom
quark [42–46] and lepton-flavor violating interactions [47, 48], while there has not been a study
devoted to the reach of this program in the charm sector.
In this work, we fill this gap by providing a comprehensive study of the interplay between
the analyses of charmed-meson (semi)leptonic decays and high-pT lepton tails at the LHC. In
particular, we systematically explore the sensitivity of these experiments to possible short-distance
NP in the charm sector using the Standard Model effective field theory (SMEFT) [49, 50]. The
SMEFT provides a theoretical framework to describe NP effects originating above the EW scale,
which is well-motivated given the lack of direct observation of new resonances at the LHC, and the
consistency of the observed properties of the Higgs boson with the SM. Using the SMEFT, we can
establish a link between charm decays and the production of high-pT leptons at the LHC. Moreover,
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due to its manifest SU(2)L gauge invariance, this framework allows to establish correlations with
kaon and tau physics.
The next four sections investigate, in steps, charged-current transitions. Namely, starting from
the effective field theory setup in Section 2, we study the set of constraints from charmed meson
decays in Section 3, the production of monoleptons at high-pT LHC in Section 4 and, finally, com-
pare the two in Section 5. The analysis is then repeated for neutral-current transitions in Section 6.
Complementary constraints implied by SU(2)L gauge symmetry are derived in Section 7. We
conclude in Section 8.
2 Theoretical framework: c→ die¯ανβ
2.1 The high-energy effective theory
We focus on short-distance NP that can affect semileptonic charged-current charm transitions, par-
ticularly when charm number changes by one unit, ∆C = 1. Under the assumption of no new
degrees of freedom below (or at) the electroweak scale, NP effects can be fully described employ-
ing the SMEFT. The relevant Lagrangian is
LSMEFT ⊃ 1
v2
∑
k
CkOk , (2.1)
where v ≈ 246 GeV is the SM Higgs vacuum expectation value and the Wilson coefficients (WCs)
scale as Ck ∝ v2/Λ2, with Λ being the scale of NP. We employ the Warsaw basis [50] for operators
of canonical dimension six, which is particularly suited for flavor physics as covariant derivatives
and field strengths are reduced in favor of fermionic currents using the equations of motion. The
most general set of semileptonic four-fermion SMEFT operators contributing to c→ die¯ανβ tran-
sitions are
O(3)lq = (l¯Lγµτ I lL)(q¯Lγµτ IqL) , Oledq = (l¯LeR)(d¯RqL) ,
O(1)lequ = (l¯pLeR)pr(q¯rLuR) , O(3)lequ = (l¯pLσµνeR)pr(q¯rLσµνuR) ,
(2.2)
with σµν = i2 [γ
µ, γν ], τ I the Pauli matrices, pr the Levi-Civita symbol and {p, r} being SU(2)L
indices.1 The left-handed quark and lepton doublets are denoted by qL and lL, respectively, while
the right-handed singlets are uR, dR and eR. On the other hand, the SMEFT operators that modify
the W couplings to quarks read
O(3)φq = (φ† i
↔
DIµ φ)(q¯Lγ
µτ IqL) , Oφud = (φ˜† iDµφ)(u¯RγµdR) , (2.3)
where φ is the Higgs field and Dµ its covariant derivative. We neglect the chirality-flipping W
vertices of the type ψ¯σµνψ φFµν . Their effects are subleading relative to the operators in Eq. (2.3)
at low-energies, since they are charm mass suppressed, and to the operators in Eq. (2.2) at high-pT ,
due to their different high-energy behavior discussed in Section 4.1. We also neglect all modifica-
tions to the leptonic W vertices, since they are better probed in purely leptonic transitions.
1The SM extended by a light right-handed neutrino (νR) potentially accessible in charm decays would require sup-
plementing the SMEFT with a new set of operators such as (l¯LνR)(u¯RqL). For the full list see Eq. (2.1) in Ref. [51].
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Thus, the operators in Eqs. (2.2) and (2.3) capture all leading effects in the SMEFT in semilep-
tonic charm transitions. Unless stated otherwise, throughout this paper we work in the up-basis for
the SU(2)L multiplets, where
qiL =
(
uiL
Vij d
j
L
)
, lαL =
(
ναL
eαL
)
, (2.4)
with V the CKM matrix, and use i, j = 1, 2, 3 and α, β = 1, 2, 3 to label quark and lepton flavor
indices, respectively. We also use ` to denote the light leptons e and µ, but not τ . The matching of
the SMEFT to the low-energy effective theory is reported next, while we postpone the discussion
of SU(2)L relations to Section 7.
2.2 The low-energy effective theory
The low-energy effective Lagrangian involving c→ die¯ανβ transitions can be written as
LCC = −4GF√
2
Vci
[(
1 + αβiVL
)OαβiVL + αβiVR OαβiVR + αβiSL OαβiSL + αβiSR OαβiSR + αβiT OαβiT ]+ h.c.,
(2.5)
where the effective operators read
OαβiVL = (e¯αLγµν
β
L)(c¯Lγ
µdiL) , OαβiVR = (e¯αLγµν
β
L)(c¯Rγ
µdiR) ,
OαβiSL = (e¯αR ν
β
L)(c¯R d
i
L) , OαβiSR = (e¯αR ν
β
L)(c¯L d
i
R) ,
OαβiT = (e¯αRσµννβL)(c¯RσµνdiL) .
(2.6)
Note that mixed chirality tensor operators vanish by Lorentz invariance. The extraction of the CKM
matrix in the SMEFT is a delicate exercise [52]. For our purposes here, Vcd and Vcs can be safely
obtained by exploiting unitarity in the Wolfenstein parametrization,
Vcd = −λc +O(λ5c),
Vcs = 1− λ2c/2 +O(λ4c),
(2.7)
where λc is the sine of the Cabibbo angle. We assume that any contribution of NP to the inputs of
these unitarity relations is small compared to the precision achieved with charm weak transitions.
For instance, λc obtained from kaon decays receives strong constraints from the unitarity of the first
row of the CKM matrix (see e.g. Ref. [40]). Similarly, we neglect the effects of NP modifications
to GF as determined from muon decays.
The tree-level matching conditions between the SMEFT in Eq. (2.1) and the low-energy La-
grangian in Eq. (2.5) are
αβiVL = −
Vji
Vci
[C(3)lq ]αβ2j + δαβ
Vji
Vci
[C(3)φq ]2j , αβiVR =
1
2Vci
δαβ [Cφud]2i ,
αβiSL = −
Vji
2Vci
[C(1)lequ]∗βαj2 , αβiSR = −
1
2Vci
[Cledq]∗βαi2 ,
αβiT = −
Vji
2Vci
[C(3)lequ]∗βαj2 ,
(2.8)
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where a sum over j is implicitly assumed. Interestingly, the low-energy operator OαβiVR is gener-
ated in the SMEFT from an operator that modifies a chirality preserving W vertex but not from a
new four-fermion interaction, unlike other operators in Eq. (2.6). On the contrary, OαβiVL receives
contributions from both a modified W vertex and a new four-fermion interaction, which cannot be
disentangled at low energies.
The relations in Eq. (2.8) hold at the matching scale µ = mW . The renormalization group
equations (RGE) induced by QCD and EW (QED) radiative effects allow one to robustly correlate
low- and high-pT data [53, 54]. In particular, the RGE running from µ = 1 TeV down to µ = 2 GeV
yields sizable effects in scalar and tensor operators [55],
SL(2 GeV) ≈ 2.1 SL(TeV)− 0.3 T (TeV) , SR(2 GeV) ≈ 2.0 SR(TeV) ,
T (2 GeV) ≈ 0.8 T (TeV) .
(2.9)
Here, X(TeV) refers to the corresponding combination of SMEFT WCs in Eq. (2.8). Vector oper-
ators do not run under QCD, and the electromagnetic and EW running remains at the percent level.
Similarly, other RGE-induced contributions, including the mixing with other SMEFT operators, do
not receive large QCD enhancements and remain at the percent level. All these effects are below
the level of precision of our studies, so we neglect them in the following.
3 Decays of charmed mesons
Leptonic and semileptonic decays D(s) → e¯αν and D → pi(K)¯`ν follow from the Lagrangian
in Eq. (2.5). This captures the leading effects of any possible short-distance contribution to c →
die¯ανβ flavor transitions, with the SM being a particular limit, αβiX,SM = 0 for all X . Hadronic ma-
trix elements of the corresponding operators are constrained by Lorentz symmetry and invariance of
QCD under parity. As a result, pure leptonic decays are sensitive only to axial (αβiA = 
αβi
VR
− αβiVL )
and pseudoscalar (αβiP = 
αβi
SR
− αβiSL ) combinations of WCs. On the other hand, the semileptonic
decays are sensitive to vectorial (αβiV = 
αβi
VR
+ αβiVL ) and scalar (
αβi
S = 
αβi
SR
+ αβiSL ) combinations
of WCs, and to the tensor WC (αβiT ).
The largest available phase space that can be achieved for the semileptonic decays is given
by mD+ −mpi0 ' 1.735 GeV. Note that this is smaller than the τ lepton mass, which makes the
semitauonicD-meson decays kinematically forbidden. A similar conclusion follows for the decays
of charmed baryons. In other words, the tauonic vector, scalar and tensor operators (OτβV,S,T ) are
not directly accessible and, as we will see below, high-pT tails provide a unique probe of these
operators. On the other hand, pure tauonic decays of D(s) are allowed.2
In the following, we derive bounds on the WCs of the operators in Eq. (2.6) from D(s)-meson
decays. First, we restrict ourselves to the lepton-flavor diagonal case (αiX ≡ ααiX ), which interferes
with the SM and leads to the strongest bounds. The rate of the leptonic D decays is
BR(D+ → e¯ανα) = τD+
mD+m
2
αf
2
DG
2
F |Vcd|2β4α
8pi
∣∣∣∣1− αdA + m2Dmα(mc +mu)αdP
∣∣∣∣2 , (3.1)
2The phase-space restriction is lifted for semitauonic decays of excited D∗ mesons. However, these predominantly
decay electromagnetically or strongly and the branching fractions of weak decays are suppressed [56, 57]. Furthermore,
one could in principle access the tauonic tensor operator by measuringD(s) → τνγ (see e.g. Ref. [40] for the equivalent
pion and kaon decays).
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P α BRSM xS xT yS yT
pi−
e 2.65(18) · 10−3 1.12(10) · 10−3 1.21(15) · 10−3 2.74(22) 1.14(21)
µ 2.61(17) · 10−3 0.228(19) 0.23(3) 2.73(18) 1.15(22)
K−
e 3.48(26) · 10−2 1.29(8) · 10−3 1.18(11) · 10−3 2.00(11) 0.69(8)
µ 3.39(25) · 10−2 0.251(16) 0.224(20) 2.00(11) 0.71(8)
Table 1. Coefficients of the parametrization in Eq. (3.2) obtained using lattice QCD results [15, 16] for the
form factors.
where β2α = 1 −m2α/m2D and τD+ (fD+) is the D+ lifetime (decay constant). This formula with
obvious replacements also describes the leptonic Ds decays. We use fD = 212.0(7) MeV and
fDs = 249.9(5) MeV, obtained from an average of lattice QCD simulations with two degenerate
light quarks and dynamical strange and charm quarks in pure QCD [6, 10, 11]. An important fea-
ture of the leptonic decays is that the axial contribution, such as the one predicted in the SM, is
suppressed by m2α due to the conservation of angular momentum. On the contrary, pseudoscalar
NP contributions are unsuppressed, and they receive strong constraints from searches and measure-
ments of these decays.
In the case of semileptonic D decays, the expressions for total rates are more involved as
they contain kinematic integrals with form factors, which are functions of the invariant mass of the
dilepton pair. The decay rate of the neutralD meson can be parametrized as a function of the WCs,
BR(D → Pi ¯`ανα)
BRSM
=
∣∣1 + αiV ∣∣2 + 2 Re [(1 + αiV )(xS αi∗S + xT αi∗T )]+ yS |αiS |2 + yT |αiT |2,
(3.2)
where xS,T and yS,T describe the interference between NP and SM and the quadratic NP effects,
respectively, and Pi = pi, K for i = d, s. The numerical values of these parameters can be
obtained using lattice QCD calculations of the form factors and performing the kinematic integrals.
In Table 1 we show the values of these parameters for the D0 → pi−(K−)`+ν decays using the
lattice results from [15, 16]. The errors in the parametrization employed in these references have
been propagated consistently.
The limits on the WCs are determined by comparing these predictions to the PDG aver-
ages [58] of the experimental data on the branching fractions [59–72]. The results are shown
in Table 2 where one WC is fitted at a time setting the rest to zero. The sensitivity to vectorial cur-
rents is at the few percent level, reflecting the precision achieved in the experimental measurements
and in the calculation of the respective semileptonic form factors. Bounds on axial currents depend
strongly on the lepton flavor due to the chiral suppression of their contributions to the leptonic-
decay rates. Thus, the electronic axial operators are poorly constrained while muonic ones are
constrained down to a few percent. The difference between cs and cd transitions in the bounds on
the tauonic axial contributions is a result of the different experimental precision achieved in the
measurement of the corresponding decays.
Direct bounds on scalar and tensor operators stemming from semileptonic decays are rather
weak, with almost O(1) contributions still allowed by the data. As shown in Table 1, this is due
to the fact that the interference of these operators with the SM is chirally suppressed (see e.g.
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i α αiV 
αi
A 
αi
S 
αi
P 
αi
T
d
e [−0.02, 0.11] [−32, 34] [−0.29, 0.29] [−0.005, 0.005] [−0.5, 0.5]
µ [−0.06, 0.07] [−0.013, 0.07] [−0.33, 0.17] [−0.0024, 0.0004] [−0.6, 0.22]
τ − [−0.27, 0.21] − [−0.11, 0.15] −
s
e [−0.07, 0.08] [−27, 29] [−0.29, 0.29] [−0.005, 0.004] [−0.5, 0.5]
µ [−0.09, 0.06] [−0.07, 0.02] [−0.4, 0.16] [−0.0007, 0.0022] [−0.9, 0.22]
τ − [−0.07, 0.014] − [−0.008, 0.04] −
Table 2. 95% CL ranges of the WCs of the charged-current operators obtained at the scale µ = 2 GeV from
current experimental data on (semi)leptonic D(s)-meson decays, assuming them to be real.
Ref. [40]) and the bound is on their quadratic contribution to the rates. Pseudoscalar contributions
to the leptonic-decay rates are, on the other hand, chirally enhanced with respect to the SM contri-
bution and, as a result, constrained down to the per-mille level for electronic and muonic channels.
For the tauonic ones, the lepton-mass enhancement is absent, and the bounds are ∼ 1% (cs) or
∼ 10% (cd), depending again on the experimental uncertainties.
From the model building perspective, at a scale Λ > v, the NP effects are naturally realized in
terms of operators in the chiral basis. Models for which the dominant contribution is through scalar
operators receive the strongest constraint from leptonic decays, unless some tuning between OSL
and OSR is enforced. In addition, scalar and tensor operators receive radiative contributions that
rescale and mix them significantly when connecting the direct bounds in Table 2 to the matching
scale, cf. Eq. (2.9). Or, inversely, a model producing a tensor contribution at the matching scale
will produce a scalar contribution at low energies that is then constrained by leptonic decays. This
is illustrated in Table 3 where we have expressed the low-energy bounds in terms of the WCs in the
chiral basis at µ = 1 TeV. As expected, bounds on single scalar and tensor operators are dominated
by the measurements of pure leptonic decays.
Except for operators whose dominant contribution to the observables is already quadratic
(OeiA,P and O`iS,T ), the limits in Table 2 are weakened if NP does not interfere with the SM. This
is the case when the neutrino flavor is β 6= α, or when the WCs are imaginary. The bounds are
relaxed typically by a factor ∼ 3 − 6 over the symmetrized ranges shown in that table. However,
for a few operators, namely OµsA,P , OτsA,P and OedV , the worsening is by an order of magnitude.
Therefore, in the absence of SM interference, the bounds from D(s) meson decays are weak except
for the pseudoscalar operators, which can still be competitive with other constraints.
Improvements on purely muonic and tauonic branching fractions by a factor ∼ 2 − 3 are
expected from future measurements at BES III [2] and Belle II [4] (see detailed projections in
Ref. [2]), while no projections for electronic decays have been provided. For semileptonic de-
cays, the data samples are expected to increase by two orders of magnitude after the full 50 ab−1
of integrated luminosity planned at Belle II [4], thus the precision will most likely be limited by
systematic uncertainties. Moreover, going beyond ∼ 1% accuracy in the SM prediction of these
decay modes will be challenging because of the precision required in the computation of the cor-
responding hadronic matrix elements, including radiative (QED) effects (see LQCD projections in
Ref. [3]). In summary, improvements of the bounds reported in Tables 2 and 3 from the modes
– 7 –
i α αiSL (−αiSR)× 103 αiT × 102
d
e [−2.5, 2.7] [−1.6, 1.5]
µ [−0.2, 1.2] [−0.7, 0.13]
τ [−70, 60] [−33, 44]
s
e [−2.0, 2.2] [−1.3, 1.2]
µ [−1.1, 0.3] [−0.2, 0.6]
τ [−19, 4.0] [−2.0, 12]
Table 3. 95% CL ranges of the WCs, assumed to be real, obtained from D(s)-meson decays for scalar and
tensor operators in the chiral basis at µ = 1 TeV. The ranges of αSR are those of −αSL .
analyzed in this work will remain modest in the near future.
Finally, it is important to stress that we have restricted our analysis to decay channels for
which precise measurements and accurate LQCD predictions of the form factors currently exist.
Additional modes that can be considered are D → V `ν decays (V = ρ, K∗), for which modern
lattice results do not exist [9], or baryonic Λc decays for which data is not very precise yet. In
addition, one may consider other observables such as kinematic distributions. Including these
observables may improve the bounds on some of the WCs in the future and close flat directions in
a global fit of decay data (see e.g. Ref. [9]).
4 High-pT lepton production at the LHC
4.1 Short-distance new physics in high-pT tails
The monolepton production in proton-proton collisions at high-energy,
√
s mW , is an excellent
probe of new contact interactions between quarks and leptons.3 The final state in this process fea-
tures missing energy plus a charged lepton of three possible flavors. In addition, there are five quark
flavors accessible in the incoming protons whose composition is described by the corresponding
parton distribution functions (PDF). Within the SMEFT, a total of 4 four-fermion operators con-
tribute to this process at tree-level for each combination of quark and lepton flavors, see Eq. (2.2).
Their contribution to the partonic cross section grows with energy as σˆ ∝ s, see Eq. (4.2). Other
effects in the SMEFT include the chirality preserving (flipping) W -boson vertex corrections which
scale as σˆ ∝ s−1(s0) and are negligible in the high-pT tails compared to the four-fermion interac-
tions.4
The numerical results derived in this work are based on the Monte Carlo simulations described
in Section 4.2. Here we present a (semi-)analytic understanding of the main physical effects. The
tree-level unpolarized partonic differential cross section for dj(p1) u¯i(p2) → eα(p3)ν¯β(p4) , in-
duced by the SMEFT four-fermion operators in Eq. (2.2) , expanded and matched to the notation
3There is a rich literature of NP exploration in neutral and charged Drell-Yan production, for an incomplete list
see [39–43, 45, 48, 73–79].
4The modification of the W -boson propagator in the universal basis [80] through the Wˆ parameter is captured by
the specific combination of the four-fermion contact interactions and vertex corrections in the Warsaw basis. For Wˆ
searches in the high-pT lepton tails see Ref. [74].
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of Eq. (2.5) , is
dσˆ
dt
=
G2F |Vij |2
6pis2
[
(s+ t)2
∣∣∣∣δαβm2Ws − αβijVL
∣∣∣∣2 + s24 (|αβijSL |2 + |αβijSR |2)+ 4(s+ 2t)2 |αβijT |2
− 2s(s+ 2t) Re(∗αβijSL αβijT )] , (4.1)
where s ≡ (p1 + p2)2 and t = (p3 − p1)2 are the corresponding Mandelstam variables. The
interference with the SM is absent in the case of lepton flavor violation (LFV), i.e. α 6= β. In
the relativistic limit, chiral fermions act as independent particles with definite helicity. Therefore,
the interference among operators is achieved only when the operators match the same flavor and
chirality for all four fermions. Integrating over t, we find the partonic cross section
σˆ(s) =
G2F |Vij |2
18pi
s
[∣∣∣∣δαβm2Ws − αβijVL
∣∣∣∣2 + 34 (|αβijSL |2 + |αβijSR |2)+ 4 |αβijT |2
]
, (4.2)
as a function of the dilepton invariant mass
√
s. The interference with the SM is relevant for
|VL | ∼ m2W /TeV2 or smaller. This holds irrespective of the initial quark flavors in dj u¯i → eαν¯α
(i = 1, 2 and j = 1, 2, 3). The results obtained in our numerical analysis (see Table 4) suggest that
the quadratic term in VL dominates present limits. However, there is already a non-negligible cor-
rection from the interference term which will become prominent with more integrated luminosity.
The lack of interference in the other cases tends to increase the cross section in the high-pT tails,
and allows to extract bounds on several NP operators simultaneously.5 On the contrary, most of
the bounds from D(s) mesons decays discussed in Section 3 depend on interference terms among
different WCs, and it becomes difficult to break flat directions without additional observables.
While the energy growth of the amplitude enhances the signal, the PDF of the sea quarks
reduce it. The parton luminosity for colliding flavors i and j is
Lqiq¯j (τ, µF ) =
∫ 1
τ
dx
x
fqi(x, µF )fq¯j (τ/x, µF ) , (4.3)
where τ = s/s0 and
√
s0 is the collider energy (here set to 13 TeV). The relative correction to the
Drell-Yan cross section in the tails (
√
s mW ) is
∆σ
σ
≈ Rij × dX 
2
X(
m2W /s
)2 , (4.4)
with dX = 1, 34 , 4 for X = V, S, T respectively, and
Rij ≡
(Luid¯j + Ldj u¯i)× |Vij |2
(Lud¯ + Ldu¯)× |Vud|2
. (4.5)
We show in Figure 1 the ratios Rij for du (red dashed), dc (red solid), su (blue dashed), sc (blue
solid), bu (green dashed) and bc (green solid) as a function of the dilepton invariant mass
√
s.
Here we use the MMHT2014 NNLO188 PDF [81] with the factorization scale µF =
√
s. The
5The transverse mass distribution (mT ≈ 2 p`T ) also inherits negligible SL − T interference.
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Figure 1. Suppression factors for the charged-current Drell-Yan cross section with different colliding quark
flavors, Rij , stemming from the PDF and the CKM matrix, see Eq. (4.5).
suppression from Rij is compensated by the energy enhancement (
√
s/mW )
4 ∼ O(105). Thus,
a measurement of the cross section in the tails with O(10%) precision would probe cs and cd at
the level of X ∼ O(10−2). The weak dependence on the energy across the most sensitive bins
allows to rescale the limits for different flavor combinations provided the lepton cuts are sufficiently
inclusive (see Section 4.2).
The theoretical prediction for the signal rate is plagued by the uncertainties stemming from the
missing high-order perturbative corrections, as well as the knowledge of the PDF of the colliding
sea quarks. These have been studied in detail in [42, 45]. More precisely, NLO QCD and PDF
uncertainties are quantified in the supplemental material of Ref. [45] for a bc→ W ′ example (and
in Ref. [42] for bb→ Z ′) as a function of the vector boson mass mV ′ . These estimates are trivially
applicable for the corresponding quark-lepton contact interactions when replacing mV ′ with the
dilepton invariant mass
√
s. A relative uncertainty of ∼ 10% is found on the differential cross sec-
tion in the most sensitive bins. Another potential issue comes from the PDF extraction, as recent
analyses also include Drell-Yan data, see e.g. Ref. [82]. While at the moment this data has a sub-
leading impact on the PDF determination, it will become important at the HL-LHC [83]. A proper
approach would be to perform a combined SMEFT and PDF fit. First steps in this direction show
discriminating power between EFT and PDF effects in the context of deep inelastic scattering [84].
4.2 Recast of the existing experimental searches
We use the analyses reported by ATLAS and CMS collaborations with one lepton plus missing
transverse momentum signature. For the τ + ν channel, we recast the searches in Refs. [85, 86] us-
ing 36.1 fb−1 and 35.9 fb−1 of data, respectively. In the case of `+ν final state, we use the ATLAS
139 fb−1 [87] and the CMS 35.9 fb−1 [88] analyses. The Monte Carlo (MC) simulation pipeline is
as follows: we use FeynRules [89] for the model generation, MadGraph5_aMC@NLO [90, 91]
for the partonic process simulation interfaced with Pythia 8 [92] to simulate the hadronic pro-
cesses, and finally Delphes [93] to get an estimate of the detector effects. We set a dynamical
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i α ααiVL × 102
|αβiVL | × 102 |
αβi
SL,R
(µ)| × 102 |αβiT (µ)| × 103
(α 6= β) µ = 1 TeV µ = 2 GeV µ = 1 TeV µ = 2 GeV
d
e [−0.52, 0.86] 0.67 (0.42) 0.72 (0.46) 1.5 (0.96) 4.3 (2.7) 3.4 (2.2)
µ [−0.85, 1.2] 1.0 (0.38) 1.1 (0.42) 2.3 (0.86) 6.6 (2.4) 5.2 (1.9)
τ [−1.4, 1.8] 1.6 (0.68) 1.5 (0.55) 3.1 (1.1) 8.7 (3.1) 6.9 (2.5)
s
e [−0.28, 0.59] 0.42 (0.26) 0.43 (0.28) 0.91 (0.57) 2.8 (1.5) 2.2 (1.2)
µ [−0.46, 0.78] 0.63 (0.23) 0.68 (0.25) 1.4 (0.52) 4.0 (1.4) 3.1 (1.1)
τ [−0.65, 1.2] 0.93 (0.40) 0.87 (0.31) 1.8 (0.65) 5.2 (1.8) 4.1 (1.5)
Table 4. 95% CL limits on the value of the WCs of the charged-current operators obtained from high-pT
data (β = e, µ, τ ). We also show in parenthesis the naive projections for the HL-LHC (3 ab−1) on the
expected limits, assuming that the error will be statistically dominated.
scale for renormalization and factorization scales, µR/F = mT . We use the ATLAS and CMS
Delphes cards, respectively, when making the simulations for each experiment. ROOT [94] is used
to apply the selection criteria of each analysis to the corresponding Delphes output, and to obtain
the expected yields for our signals in each bin of the reported transverse mass distributions.
We validated our setup by producing MC samples for W → eαν + jets in the SM, and
comparing the yields with those reported by ATLAS and CMS. We reproduce their results within
10% to 20% accuracy. As we only use limited MC simulation capabilities, detector emulation
via Delphes, and no experimental corrections from data, as done in the experimental analyses, we
consider this level of agreement as an accurate reproduction of the experimental results from the
phenomenological perspective. The same techniques have been used and reported in [45]. Thus,
the relative error on the limits derived here from the high-pT data is expected to be below 10%
(∆X/X ≈ 0.5 ∆σ/σ).
The limits on the WCs are obtained by comparing our simulated signal events for the trans-
verse mass distributions to the background events in the corresponding collaboration analyses. For
the statistical analysis, we use the modified frequentist CLs method [95]. We compute the CLs
using the ROOT package Tlimit [96], and exclude WC values with CLs < 0.05. In our statisti-
cal analysis, we include the SM background systematic and statistical errors (added in quadrature)
provided by the collaborations for all bins. We ignore any possible correlation in the bin errors
when combining the bins, since these are not provided. For the vector operator, both NP-squared
and NP-SM interference contributions are computed. We do not include systematic errors for the
signal simulation in our analysis, as they are expected to be subdominant compared to the over-
all signal normalization uncertainty stemming from the theoretical prediction of the cross section
discussed in Section 4.1.
Our results are reported in Table 4 in terms of the WCs at two different scales µ = 1 TeV
and µ = 2 GeV, respectively.6 The resulting limits qualitatively agree with the naive ratios in the
6See Eq. (2.9) for the RGE solutions. The difference between SL and SR is O(1%) so we use a single column.
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absence of SM-NP interference,
αβiVL : 
αβi
SL,R
: αβiT ≈ 1 :
2√
3
:
1
2
, (4.6)
due to rather inclusive kinematics of the analysis. A dedicated future analysis should exploit the
angular dependence in Eq. (4.1) in order to differentiate among operators, and possibly further sup-
press the background. We also recommend separating future data by the lepton charge as a way to
further enhance the signal over background discrimination. For instance, ud-induced monolepton
production is asymmetric in lepton charge unlike cs.
For the τ + ν channel, the reported limits are well compatible with those obtained by naive
rescaling via the Rij ratios in Eq. (4.5) of the ones presented in Ref. [45] (neglecting the interfer-
ence for VL). In principle, this method can be used to estimate the limit on any u
i → dj transition.
Finally, the jackknife analysis performed in the supplemental material of [45] suggests that the
most sensitive bins in these types of searches to fall in the range between 1 and 1.5 TeV. This
raises questions about the applicability of the high-pT bounds to the space of possible NP models
modifying charged-current charm transitions, to which we turn next.
4.3 Possible caveats within and beyond the EFT
As shown in section 4.2, most of the limits obtained from high-pT tails are stronger than their low-
energy counterparts. However, one could argue that high-pT limits are not free of caveats, which
would allow certain NP models to evade them while still yielding sizeable low-energy contribu-
tions.
For concreteness, let us first remain within the realm of the SMEFT, where any new degree of
freedom is well above the EW scale. The partonic cross-section for c¯di → eαν¯α scattering in the
presence of dimension-six operators is given in Eq. (4.2). As can be seen from this expression, the
NP-squared piece receives an energy enhancement with respect to both the pure SM contribution
and SM-NP interference. As a result, the limits shown in Table 4 rely on dimension-six squared
contributions. It could be argued that dimension-8 contributions that interfere with the SM are of
the same order in the EFT, so their inclusion might significantly affect our results. To illustrate this
point, let us work in a specific example involving both dimension-6 and dimension-8 operators,
LEFT ⊃ −4GF√
2
Vci
[

(6)
VL
(e¯αLγµν
α
L)(c¯Lγ
µdiL)−
1
M2NP

(8)
VL
(e¯αLγµν
α
L)∂
2(c¯Lγ
µdiL)
]
+ h.c. , (4.7)
with the normalization chosen such that (6,8)VL are adimensional, andMNP is the NP mass threshold.
The corresponding partonic cross section including both SM and the EFT contributions in Eq. (4.7)
is given by
σˆ(s) =
G2F |Vci|2
18pi
s
∣∣∣∣m2Ws − (6)VL − sM2NP (8)VL
∣∣∣∣2
=
G2F |Vci|2
18pi
s
[
m4W
s2
− 2m
2
W
s
Re(
(6)
VL
) + |(6)VL |2 − 2
m2W
M2NP
Re(
(8)
VL
)
]
+O
(
1
M6NP
)
,
(4.8)
where, in the second line, we neglected the dimension-8 squared term. As already mentioned,
the experimental limits in Table 4 are dominated by the |(6)VL |2 term, with a small correction from
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the term proportional to Re((6)VL ). The term proportional to Re(
(8)
VL
) is even smaller than the
dimension-6 interference if |Re((8)VL )| ≤ |Re(
(6)
VL
)|, since M2NP > s by construction. To give
an example of explicit UV realization, a single tree-level s-channel resonance exchange predicts

(6)
VL
= 
(8)
VL
. A significant cancellation between dimension-6 and 8 contributions would require a
peculiar NP scenario.
Another possible way to evade our limits within the SMEFT regime would consist in including
a semileptonic operator mediating ud¯ → e¯ανα transitions which negatively interferes with the
dominant SM background. One could then enforce a tuning between NP contributions to reduce
the number of NP events in the tails. Even with this tuning, the different
√
s dependence of each
contribution would not allow for an exact cancellation between the two.
The EFT is no longer valid if a new mass threshold is at or below the typical energy of the
process. Indeed, inverting the obtained limits on the WCs (v/
√
x ≈ few TeV) and invoking
perturbative unitarity suggests that the largest scales currently probed are at most O(10 TeV) for
strongly coupled theories. Any suppression in the matching, such as loop, weak coupling, or flavor
spurion, brings the actual NP mass scale down. Clearly, the EFT approach has a significantly
reduced scope in the high-pT lepton tails compared to charmed meson decays. Outside the EFT
realm, one may wonder how well our limits approximate the correct values. Charged mediators
responsible for generating charged currents at low energies, cannot be arbitrarily light since they
would be directly produced at colliders by (at least) the EW pair production mechanism. Here, the
signal yield is robustly determined in terms of the particle mass and known SM gauge couplings.
A sizeable effect in low energy transitions also means sizeable decay branching ratio to usual final
state with jets, leptons, etc, that has been searched for. Thus, charged mediators at or below the
EW scale receive strong constraint from direct searches, yielding MNP & O(100 GeV).
One could think of possible mediators that satisfy this bound, but still have a mass within the
energy range invalidating the SMEFT, since the energy in the high-pT tails is around the TeV. At
tree-level, there are a finite number of possible mediators, either colorless s-channel or colored t
(u)-channel resonances. In the case of s-channel mediators, the high-pT limits derived in the EFT
are overly conservative, due to the resonance enhancement (see e.g. Figure 5 in [43]). On the other
hand, for t (u)-channel mediators, the EFT limits are typically (slightly) stronger than the real lim-
its, but they serve as a good estimate (see e.g. Figure 3 in [45]). In addition, these latter mediators,
known as leptoquarks, are copiously produced at the LHC by QCD (see e.g. [97]), and direct ex-
clusion limits push their mass above the TeV. One could advocate for tuned scenarios where the
high-pT contributions of a t-channel resonance is cancelled against a very wide s-channel reso-
nance, while still yielding a sizable low-energy contribution (see example in Section 6.1 of [98]).
As in the previous case, this requires a tuning of the NP contributions, and one can only achieve
a partial cancellation. Finally, loop-induced contributions require the NP scale to be significantly
lower (or the NP couplings to be strong) in order to generate the same effects at low energies.
This translates into typically stronger high-pT limits than the ones considered here, either from
non-resonant or from resonant production of the new mediators.
To conclude, the comparison of low-energy and high-pT within an EFT framework is useful
even if the EFT validity is not guaranteed. If high-pT provides stronger limits relative to the ones
derived from low-energies, this will also hold in a generic NP model barring tuned cancellations.
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Figure 2. Exclusion limits at 95% CL on c → d(s)e¯ανα transitions in (ααdVL , ααsVL ) plane were α = e (top
left), α = µ (top right), and α = τ (bottom). The region colored in pink is excluded by D(s) meson decays,
while the region colored in blue is excluded by high-pT LHC.
5 Interplay between low and high energy
Once we have clarified possible caveats concerning high-pT limits on effective operators we are
ready to compare low and high-energy results and discuss their complementarity. The comparison
for scalar and tensor operators is quite direct because they receive contributions only from four-
fermion operators in the SMEFT, cf. Eqs. (2.8). Vector and axial operators, on the other hand,
receive two types of SMEFT contributions from: (i) four-fermion operators, and (ii) W vertex cor-
rections. As discussed in detail in Section 4, only (i) experience the energy enhancement exploited
by our analysis of the high-pT tails. In the following, we discuss the interplay between low-energy
and high pT bounds in four-fermion operators and then we obtain limits on W vertex corrections.
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Figure 3. 95% CL regions for the combined fits of αβiSL and 
αβi
T to the charmed-meson decay data with
β = α (red solid line) or β 6= α (light-red dash-dotted line) and to monolepton LHC data (blue solid line).
Projections for the high-luminosity phase of the LHC (3 ab−1), obtained by rescaling the expected limits
with luminosity, are represented by dashed ellipses.
5.1 Four-fermion interactions
High-pT bounds on left-handed (V − A) four-fermion operators are almost an order of magnitude
stronger than those derived from meson decays. In Figure 2, we compare the regions excluded by
charmed-meson decays (cf. Table 2) and high-pT monolepton tails (cf. Table 4) in the (ααdVL , 
ααs
VL
)
plane, assuming NP only in the SMEFT operator O(3)lq . The three plots are for each lepton flavor
conserving combination α = β, while for α 6= β the improvement with respect to charm decays
is even more significant. These comparisons provide a striking illustration of the LHC potential to
probe new flavor violating interactions at high-pT .
The high-pT LHC bounds are also stronger than those fromD(s)-meson decays in all channels
and WCs except for the pseudoscalar operators, constrained by the electronic and muonic D(s)
decays. As discussed in Section 3 and shown in Table 3, the latter strongly constrains any NP
producing a single scalar or tensor operator at the high-energy scale. Even in this scenario, high-pT
LHC limits are stronger for the tauonic operators and for the electronic tensor operators.
In NP scenarios where various operators with the same flavor entries are produced at the
matching scale, the complementarity between high-pT LHC and meson decays becomes more
pronounced. As discussed above, the quadratic contributions of NP dominate the high-pT limits,
allowing one to extract bounds on several operators simultaneously (see e.g. Figure 2). On the
other hand, the D(s) branching fractions depend on interference terms between WCs, and some
combinations remain unconstrained (tauonic operators) or poorly bounded by the low-energy data.
To illustrate this, we compare in Figure 3 the constraints on the (αβiSL , 
αβi
T ) planes for µ =
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i α δgciL × 102 δgciR × 102
d
e [−2, 11] [−2, 11]
µ [−6, 1.8] [−1.2, 6]
τ [−21, 27] [−27, 21]
Av. [−4, 3] [−0.4, 6]
s
e [−7, 8] [−7, 8]
µ [−3, 5] [−6, 2]
τ [−1.8, 7] [−7, 1.4]
Av. [−1, 4] [−5, 0.7]
Table 5. 95% CL limits on Wcdi vertex corrections assuming only one coupling active at a time. See
Section 5.2 for details.
1 TeV obtained from fits to low-energy and high-pT data. We also show projections for the HL-
LHC (3 ab−1) derived by rescaling the sensitivity of the corresponding monolepton expected limits
with luminosity. The bound stemming from the leptonic decays can be clearly appreciated in these
figures, while the orthogonal directions are only constrained at low-energies by the semileptonic
decays (electron and muon) or remain unconstrained (tau). Also, as shown in Figure 3, the low-
energy bounds relax for LFV transitions as these do not interfere with the SM. For the same reason,
imaginary WCs or operators beyond the SMEFT with light right-handed neutrinos accessible in
charm decays are better constrained from high-pT tails.
5.2 W vertex corrections
Right-handed contributions of the type αiVR can be generated at O(v2/Λ2) only as a vertex correc-
tion to the quarks by the operator Oφud (universal for all lepton flavors α). Thus, αiVR does not
receive a bound from our analysis of the LHC data. In case of the left-handed operator a combina-
tion of meson decay and high-pT LHC bounds constrains simultaneously vertex and four-fermion
corrections. We define vertex corrections to W couplings to quarks as
LW ⊃ g√
2
Vci
(
1 + δgciL
)
c¯γµPLdiW
+
µ +
g√
2
Vci δg
ci
R c¯γ
µPRdiW
+
µ + h.c. , (5.1)
where in terms of the conventions of Section 2 imply,
δgciL =
Vji
Vci
[C(3)φq ]2j , δgciR =
1
2Vci
[Cφud]2i, (5.2)
with a sum over j implicit in the first equation. These coupling modifications are typically con-
strained by LEP and LHC on-shell vector boson production [99–101]. Still, our analysis of charm
transitions can play an important role to fully constrain some of these couplings or give a handle to
disentangle the contributions of different operators.
In Table 5, we show the limits on the vertex corrections obtained by combining the low and
high energy bounds in Tables 2 and 4, respectively. The results for δgciL are obtained subtracting
and profiling over the maximal contribution of four-fermion operators allowed by the high-pT tails.
– 16 –
We have assumed that the analogous vertex corrections in the couplings of the W to the leptons are
absent, so the bounds in the different channels can be combined ("Av." in the table). In addition,
for each lepton channel we are assuming that only one of the two possible corrections (left-handed
or right-handed) are active at a time. This is not needed for the muon channels where leptonic
and semileptonic decays lead to comparable limits such that both couplings can be simultaneously
constrained. However for the electron (tau) channel only the bound from the semileptonic (lep-
tonic) decay is relevant and there are blind directions in the corresponding (δgciL , δg
ci
R) planes. It
is remarkable that the combination of charm decays and high-pT monolepton tails leads to a deter-
mination of W vertex corrections competitive to LEP and LHC on-shell W production [99–101].
6 Neutral currents
6.1 Theoretical framework: c→ u eαe¯β
As a rule of thumb, flavor changing neutral currents (FCNC) probe scales far beyond the reach of
current high energy colliders. However, FCNC in charmed meson decays seem to be an exception
to a large extent. In this section, we perform a combined analysis of low- and high-pT data in the
context of c→ u eαe¯β transitions. The relevant dimension-six effective Lagrangian is
LNC = 4GF√
2
α
4pi
λc
∑
k,α,β
αβk Oαβk + h.c. (6.1)
The most general set of four-fermion operators compatible with SU(3)c × U(1)em is
OαβVLL = (e¯αLγµe
β
L)(u¯Lγ
µcL) , OαβVRR = (e¯αRγµe
β
R)(u¯Rγ
µcR) ,
OαβVLR = (e¯αLγµe
β
L)(u¯Rγ
µcR) , OαβVRL = (e¯αRγµe
β
R)(u¯Lγ
µcL) ,
OαβSLL = (e¯αRe
β
L)(u¯RcL) , OαβSRR = (e¯αLe
β
R)(u¯LcR) ,
OαβSLR = (e¯αRe
β
L)(u¯LcR) , OαβSRL = (e¯αLe
β
R)(u¯RcL) ,
OαβTL = (e¯αRσµνe
β
L)(u¯Rσ
µνcL) , OαβTR = (e¯αLσµνe
β
R)(u¯Lσ
µνcR) ,
(6.2)
with α, β being lepton flavor indices. Note that mixed chirality tensor operators are zero by Lorentz
invariance. The matching to the SMEFT in Eq. (2.1) yields the following relations,
αβVLL =
2pi
αλc
(
[C(1)lq ]αβ12 − [C(3)lq ]αβ12
)
, αβVRR =
2pi
αλc
[Ceu]αβ12 ,
αβVLR =
2pi
αλc
[Clu]αβ12 , αβVRL =
2pi
αλc
[Cqe]12αβ ,
αβSLL = −
2pi
αλc
[C(1)lequ]∗βα21 , αβSRR = −
2pi
αλc
[C(1)lequ]αβ12 ,
αβSLR = 0 , 
αβ
SRL
= 0 ,
αβTL = −
2pi
αλc
[C(3)lequ]∗βα21 , αβTR = −
2pi
αλc
[C(3)lequ]αβ12 ,
(6.3)
at the matching scale µ = mW and in the up-quark mass basis. We only consider the four-fermion
operators in the Warsaw basis (see Table 3 of Ref. [50]) and neglect other effects such as the Z-
boson vertex modification. The operators OSLR and OSRL are not generated in the SMEFT due
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to gauge invariance and are consistently neglected in our analysis. As discussed before, the RGE
running from µ = 1 TeV down to µ = 2 GeV yields sizable effects in scalar and tensor operators,
while the vector operators remain practically unchanged. In particular, using Refs. [53, 55] we
obtain
SX (2 GeV) ≈ 2.1 SX (TeV)− 0.5 TX (TeV) , TX (2 GeV) ≈ 0.8 TX (TeV) , (6.4)
where X stands for the same chirality pairs, either LL or RR.
6.2 Rare charm decays
Short-distance SM contributions to c → u``(′) transitions are strongly suppressed by the GIM
mechanism. As a result, the main SM contributions to rare D-meson decay amplitudes are due to
long-distance effects [17, 20, 22, 23, 102, 103]. While this will be a limiting factor once the experi-
mental measurements become more precise, at present one can obtain bounds on short-distance NP
entering in D0 → ``(′) and D(s) → P``(′) by assuming that the experimental limits are saturated
by short-distance NP contributions [20, 22, 23]. The short-distance contributions to the leptonic
rare D decay rate read
B(D0 → `−α `+β ) =
τD0
256pi3
α2G2F f
2
D λ
2
c
m2D0
λ1/2(m2D0 ,m
2
`α ,m
2
`β
)
×
{
[m2D0 − (m`α −m`β )2]
∣∣∣∣∣(m`α +m`β ) αβA − m2D0mc +mu αβP
∣∣∣∣∣
2
+ [m2D0 − (m`α +m`β )2]
∣∣∣∣∣(m`α −m`β ) αβA′ − m2D0mc +mu αβP ′
∣∣∣∣∣
2}
,
(6.5)
with λ(a, b, c) = (a− b− c)2 + 4bc and where we used the following WC redefinitions
αβA,A′ = (
αβ
VLR
− αβVLL)∓ (
αβ
VRR
− αβVRL) , 
αβ
P,P ′ = (
αβ
SLR
− αβSLL)∓ (
αβ
SRR
− αβSRL) . (6.6)
As already discussed in Section 3, leptonic decays are unable to probe parity-even scalar, vector
and tensor quark currents. Moreover, axial vector quark currents are chirally suppressed. This
suppression is particularly strong for the dielectron channel, making current limits from leptonic
decays not competitive. In these cases, better limits are found using semileptonic transitions. The
differential branching ratios for D → pi``(′) and Ds → K``(′) decays are studied in Refs. [20,
22]. Currently, the best limits are obtained using D+ → pi+``(′) decays, for which an expression
analogous to that in Eq. (3.2) can be found in Ref. [22].7 Barring cancellations among WCs, we
7Note that we use a different EFT basis compared to Refs. [22]. The relation between our WCs and those in this
reference are
C9,10 =
λc
2
(VRL ± VLL) , C9′,10′ =
λc
2
(VRR ± VLR) , CT,T5 = λc (TR ± TL) ,
CS,P =
λc
2
(SRR ± SLR) , CS′,P ′ =
λc
2
(SRL ± SLL) .
(6.7)
The SMEFT matching in Eq. (6.3) imply CS = CP and CS′ = −CP ′ . This is analogous to the relations for neutral
currents in the down sector found in [104]. The main difference is that tensor operators are not generated in the down
sector when matching to the SMEFT.
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derive the following 95% CL limits at the charm-mass scale8
|eeVi | . 42 , |eeSLL,RR | . 1.5 , |eeTL,R | . 66 ,
|µµVi | . 8 , |
µµ
SLL,RR
| . 0.4 , |µµTL,R | . 9 ,
|eµ,µeVi | . 16 , |
eµ,µe
SLL,RR
| . 0.6 , |eµ,µeTL,R | . 110 ,
(6.8)
with i = LL,RR,LR,RL. These low-energy limits have flat directions in WC space, which
could significantly weaken these bounds in given NP scenarios. Moreover, there are no limits on
tau leptons, since D decays involving taus are either kinematically forbidden or have not been
searched for like in the D0 → eτ case. In comparison with the light lepton case, the strong
phase space suppression in D0 → eτ is compensated by the lack of chiral suppression for the
axial current. If an experimental limit on the BR(D0 → e±τ∓) at the level of the one for the
BR(D0 → e±µ∓) existed, we would obtain a bound of |eτ,τeVi,SLL,RR | . 10.
6.3 High-pT dilepton tails
Following the footsteps of Section 4 we perform the high-pT Drell-Yan analysis to extract the limits
on the WCs. We focus on the lepton flavor conserving cases while the limits on LFV can be found
in the recent Ref. [48]. The partonic level cross section formula can be trivially obtained from
Eq. (4.2). The notable difference is that the SM contribution to u¯c → eαe¯α scattering is loop and
GIM-suppressed. As a result, the interference of NP with the SM can be completely neglected.
As discussed in Section 4.1, the interference among different WCs is negligible for an inclusive
angular analysis. These two statements have an important implication. Namely, the high-pT tails
can set a bound on the sum of absolute values of WCs featuring different Lorentz structures.
We set up a simulation pipeline and analysis procedure analogous to the one discussed in
Section 4 to recast the experimental searches. For ee and µµ channels, we recast the analysis from
the CMS collaboration in Ref. [106], using 140 fb−1 of 13 TeV data. For the ττ channel, we use
the search by ATLAS [107] with 36.1 fb−1 of 13 TeV data. In all cases, we validate the simulation
procedure against the MC samples for the SM Z → eαe¯α process provided by the experimental
collaborations. In ee and µµ channels we achieved a 10% level of agreement with respect to the
experimental results. For the ττ channel, we additionally validate our analysis against the CMS
simulation of the sequential SM Z ′ signal. In this case, the level of agreement achieved is around
20%. The 95% CL limits on the neutral-current WCs are shown in Table 6. As in the charged-
current case, these limits are provided both at the high-energy and at the low-energy scale, using
the expressions in Eq. (6.4).
As anticipated, the high-pT limits obtained for these transitions compete in most instances with
those found at low-energies. This is particularly well illustrated in Figure 4 for the vector operators.
In this case, our high-pT limits are stronger than (comparable to) those obtained from low-energy
data for the electron (muon) channel. For the tensor operators, high-pT offers a better probe, while
the scalar operators are better constrained by leptonic charm decays, since they receive a large
8For the ee channel, we use the same hadronic coefficients as the ones provided in Ref. [22] for the LFV case, given
that both experimental limits are obtained from the same BaBar analysis [105] using the same kinematical regimes and
that lepton mass effects are negligible.
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α |ααVi |
|ααSLL,RR(µ)| |ααTL,R(µ)|
µ = 1 TeV µ = 2 GeV µ = 1 TeV µ = 2 GeV
e 13 (3.9) 15 (4.5) 32 (9.5) 6.5 (2.0) 5.2 (1.6)
µ 7.0 (3.4) 8.1 (3.9) 17 (8.3) 3.5 (1.7) 2.8 (1.4)
τ 25 (12) 29 (13) 60 (28) 14 (6.6) 11 (5.2)
Table 6. 95% CL limits on the neutral-current WCs from pp → eαe¯α at the LHC, with i =
LL,RR,LR,RL. We also show in parenthesis the naive projections of the expected limits for the HL-
LHC (3 ab−1), assuming that the error will be statistically dominated.
Figure 4. Exclusion limits at 95% CL on c → u`+`− transitions in the (eeVi , µµVi ) plane, where i =
LL,RR,LR,RL. The region outside the red contour is excluded by D meson decays, while the region
outside the blue contour is excluded by high-pT LHC.
chiral enhancement in D → `+`− compared to the corresponding SM contribution. Furthermore,
the c→ uτ+τ− transition is only accessible at high-pT , since the corresponding low-energy decays
are kinematically forbidden. Similar conclusions have been reached in the LFV channels [48].
Namely, the high-pT bounds on the µe channel are stronger than those from low-energy, with
the exception of the scalar operators, while for τe and τµ channels, high-pT tails offer the only
available limits.
Concerning the possible caveats to the high-pT limits, there are two major differences with
respect to the discussion for charge currents in Section 4.3. Firstly, the c → u`+`− SM amplitude
is extremely suppressed, as mentioned before. Thus, the dimension-8 interference with the SM
is negligible and unable to affect the leading dimension-6 squared contribution, even though the
two are formally of the same order in the EFT expansion. Nonetheless, semileptonic operators
with flavor-diagonal quark couplings which negatively interfere with the SM background can be
used to tune a (partial) cancellation between NP contributions in the tails. Secondly, most UV
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completions of the relevant SMEFT operators feature mediators that are charged and (or) colored,
such as leptoquarks or extra Higgses. The neutral components of these representations, which
mediate c → u`+`− transitions, cannot be significantly lighter than other SU(2)L components
due to electroweak precision tests. As an exception, and unlike the charged-current case, it is now
possible to have an s-channel tree-level mediator which is a complete SM gauge singlet, a vector
Z ′. Being a SM singlet, pair production limits are not robust and (a priori) the mediator could be
very light. In this case, one would require a dedicated study for a low-mass dilepton resonance
taking into account stringent limits from D meson oscillation induced at tree-level.
6.4 Comments on ∆S = 1 and ∆B = 1 rare transitions
In Section 4, we showed how to translate the high-pT monolepton bounds to other initial quark
flavor combinations by simply rescaling with PDF, and validated this method against existing sim-
ulations of bc → τν. The reasoning behind this procedure is that the signal acceptance is similar
for other initial quark combinations, since the analyses are largely inclusive in angular cuts and the
invariant mass distributions have a similar shape across the small range of most sensitive bins in
the tails. In analogy, the results of the high-pT dilepton analysis reported in the context of ∆C = 1
transitions in Table 6 can be used to estimate the bounds on other flavor violating transitions.
To illustrate this point, here we constrain ∆S = 1 and ∆B = 1 rare transitions from high-pT
dilepton tails. More precisely, we derive limits on s → d, b → d, and b → s transitions starting
from c → u limits. The low-energy Lagrangian for di → dj with i > j is given by Eqs. (6.1) and
(6.2) after replacing λc with VtiV ∗tj , u¯ with d¯j and c with di. Note that, tensor operators are absent
for these transitions, see Ref. [104] for the SMEFT matching in the down sector. By equating the
hadronic cross sections in the tails, we find
|αβjiX | = |αβucX |
λc
|VtiV ∗tj |
√
Lij:cu
, (6.9)
where
Lij:cu =
Ldid¯j + Ldj d¯i
Lcu¯ + Luc¯ . (6.10)
The parton luminosity functions Lqiq¯j are defined in Eq. (4.3) and evaluated in the most sensitive
bin
√
s ∼ [1− 1.5] TeV. The luminosity ratio Lij:cu as a function of the dilepton invariant mass is
shown in Figure 5 for all i, j combinations. Some kinematic dependence is present when comparing
valence and see quarks, which limits the accuracy of the method to O(10%). Using Eq. (6.9), we
find approximate limits on the WCs of s → d, b → d, and b → s to be 700, 40, and 20 times the
c→ u limits in Table 6, respectively.
Rare ∆S = 1 and ∆B = 1 decays to light leptons clearly outperform the high-pT searches.
On the other hand, tauonic modes are difficult at low energies and experimental limits on e.g.
b → sτ+τ− are far above the SM prediction, leaving plenty of room for NP. Assuming nonzero
ττsbVLL = 
ττsb
VRL
, the BaBar search on B → Kτ+τ− [108] imposes a limit |ττsbVLL | < 990 at 95% CL.
However, this transition is better probed in pp→ τ+τ− high invariant mass tail, |ττsbVLL | < 420. In
addition, future prospects at the HL-LHC are more competitive than the prospects onB → Kτ+τ−
rescattering contribution to B → Kµ+µ− derived in Ref. [109].
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Figure 5. Parton luminosity ratios defined in Eq. (6.10) as a function of dilepton invariant mass
√
s.
Finally, a generic NP model correlates ∆F = 1 operators to flavor non-universal flavor con-
serving qiq¯i → eαe¯α processes, which are the leading signatures if the flavor structure is MFV-
like [42, 43]. In fact, in many explicit models, bb¯ → τ+τ− dominates over Vcb suppressed
bs¯→ τ+τ−, see Ref. [42].
7 Constraints from SU(2)L gauge invariance
Imposing SU(2)L gauge invariance yields strong constraints on the WCs entering in charm decays
by relating them to other transitions, such as K, pi or τ decays. We discuss the impact of these
correlated constraints here. To keep the SU(2)L relations as generic as possible, in this section we
use a different flavor basis in which the SU(2)L doublets are defined as
qiL =
(
V iju u
j
L
V ijd d
j
L
)
, lαL =
(
ναL
eαL
)
, (7.1)
with the CKM matrix being V = V †u Vd, while the right-handed fermions are already in their mass-
eigenstate basis. Furthermore, whenever we do not impose down-quark alignment (Vd ≈ 1) or
up-quark alignment (Vu ≈ 1) we assume that both Vu and Vd exhibit the same hierarchies as the
CKM matrix.
7.1 Charged currents
We find the following complementary constraints:
• OαβiVL : We can decompose the SMEFT operators O
(1,3)
lq as
[O(3)lq ]
αβij
= 2 (V ∗u
ik V jld [OVL ]αβkl + V ∗d ik V jlu [O†VL ]βαlk)
+ V ∗u
ik V jlu
[
(ν¯αLγ
µνβL)(u¯
k
Lγµu
l
L)− (e¯αLγµeβL)(u¯kLγµulL)
]
− V ∗d ik V jld
[
(ν¯αLγ
µνβL)(d¯
k
Lγµd
l
L)− (e¯αLγµeβL)(d¯kLγµdlL)
]
, (7.2)
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[O(1)lq ]αβij = V ∗u ik V jlu
[
(ν¯αLγ
µνβL)(u¯
k
Lγµu
l
L) + (e¯
α
Lγ
µeβL)(u¯
k
Lγµu
l
L)
]
+ V ∗d
ik V jld
[
(ν¯αLγ
µνβL)(d¯
k
Lγµd
l
L) + (e¯
α
Lγ
µeβL)(d¯
k
Lγµd
l
L)
]
,
with OαβiVL = O
αβ2i
VL
. Clearly, by imposing SU(2)L invariance, one obtains new operator
structures that lead to additional observables. From Eq. (7.2), we find correlated relations
with the following observables:
i) Charged-current di → u`ν and τ → diuν transitions (1st line) ,
ii) Neutral-current c→ u``(′), τ → `uu decays and µu→ eu conversion (2nd line) ,
iii) Neutral-current s → d``(′), s → dνν, τ → `didj decays and µdi → edi conversion
(3rd line) ,
where ` = e, µ . Adjusting the coefficients of singlet and triplet operators in Eqs. (7.2) and
adopting up- or down-quark alignment, one can in principle avoid some of these correlations.
However, one cannot always escape all of them simultaneously, as we will discuss in the
following.
Assuming the CKM-like structure for Vd, K → piνν decays impose |αβiVL | . 10−4, in-
dependently of the quark and lepton flavors. These bounds are significantly stronger than
both charm and high-pT limits (see Sections 3 and 4.2). However, they can be alleviated by
enforcing the relation C(3)lq ≈ C(1)lq , or by assuming down-alignment and a diagonal flavor
structure (nonzero WCs only for i = j). Irrespective of these assumptions, the combination
of K → piνν, KL → eµ and µ− e conversion in nuclei set the robust bound |eµiVL | . 10−4.
For the τ` channel, LFV tau decays always offer bounds stronger than those from charm
decays or high-pT . To alleviate these, together with those from K → piνν, one needs to
enforce C(3)lq ≈ −C(1)lq to cancel the contribution to tau decays plus the down-quark aligned
flavor structure described above to avoid the bound from kaon decays. Even in that tuned
scenario, the contribution to τ → `ρ remains unsuppressed, and the corresponding bounds
are better than those from charm decays but comparable to the high-pT limits.
For the `` channel, the K → piνν and K → `` decays give the constraints |eeiVL | . 10−3,
|µµiVL | . 10−4, even if we allow for cancellations between the singlet and triplet operators.
For the c → s case, it is possible to avoid these constraints by enforcing down alignment
and a diagonal flavor structure with non-zero i = j = 2 entry. In this limit, the bounds from
K → `ν are stronger than charged-current charm decays, and comparable to those from
high-pT monolepton tails. Likewise, for the c → d decays obtained by demanding down
alignment and a flavor structure with a non-zero i = j = 1 WC, one would enter in conflict
with pi → `ν decays or high pT .
Finally, the only relevant neutral-current constraint for the ττ channel is K → piνν, which
can be removed by C(3)lq ≈ C(1)lq . Still, charged-current τ decays provide comparable limits to
those from charm decays, and can be alleviated with a mild alignment to the up eigenbasis.
• OαβiSR : The SMEFT operator Oledq decomposes as
[O †ledq]βαij = V ∗ jku OαβkiSR + V
∗ jk
d (e¯
α
R e
β
L)(d¯
k
L d
i
R) , (7.3)
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with OαβiSR ≡ O
αβ2i
SR
. Both LFV and lepton flavor conserving transitions involving first- and
second-generation leptons are better probed in kaon decays than in charm decays. In general,
the correlated neutral-current transitions KL → `+`− set constraints on the corresponding
WCs that are orders of magnitude stronger. One can evade this bound by imposing a strong
down-alignment. Even in this case, di → u`ν transitions provide stronger bounds than those
from charged-current charm decays. Moving to τ , LFV combinations are better constrained
by the correlated neutral-current τ → `P (P = K,φ) decays. On the other hand, for
α = β = 3 no constraints from the neutral-current operators are obtained. However, for
i = 2 the bounds from the charged-current τ → Kν decays are stronger unless one imposes
a mild alignment to the up basis.
• OαβiSL andO
αβi
T : We have the following decomposition for the SMEFT operators O(1,3)lequ :
[O(1) †lequ ]
βαi2
= V ikd Oαβ kSL + V iku (e¯αR e
β
L)(c¯R u
k
L) ,
[O(3) †lequ ]βαi2 = V ikd Oαβ kT + V iku (e¯αRσµνeβL)(c¯RσµνukL) ,
(7.4)
which yields additional operators that generically contribute to c → u``(′) transitions. This
is not relevant for transitions involving τ leptons, since the bounds are absent due to kine-
matics. More precisely, c → uττ and c → uµτ are forbidden while c → ueτ is sup-
pressed. On the other hand, neutral-current charm decays provide stronger constraints than
their charged-current counterpart for α, β = 1, 2, unless the contributions to these transitions
are suppressed by enforcing an approximate up alignment. While the scalar operators are
better constrained at low energies for α, β = 1, 2, the tensor operators receive more stringent
bounds from high-pT . In this case, monolepton and dilepton bounds are comparable.
The interplay between charged-current charm decays, high-pT lepton tails, and SU(2)L rela-
tions is shown in Figure 6 for µ = 2 GeV. While it is possible to evade some of the constraints
obtained by SU(2)L gauge invariance, either by taking specific flavor structures and/or by having
appropriate WC combinations, this typically requires tuning in most UV completions. Moreover,
the required conditions are not radiatively stable, and one should in general consider loop-induced
misalignments in a given NP scenario. Going beyond this analysis, explicit models typically gen-
erate ∆F = 2 transitions which are severely constrained by neutral meson oscillations. This can
be particularly problematic in the context of the up alignment, and it represents a challenge for
model building. Another possible avenue beyond the SMEFT framework is to introduce a new
light right-handed neutrino accessible in charm decays, yielding a new class of operators of the
form OνRVR = (e¯RγµνR)(c¯RγµdiR). However, explicit UV completions of this operator are not
completely free from SU(2)L relations (see Refs. [51, 110]).
7.2 Neutral currents
Imposing SU(2)L gauge invariance in the neutral-current case also yields strong correlated con-
straints for the operators with left-handed fermions. Focusing on OαβVLL , it suffices to consider first
only the contribution of the isosinglet SMEFT operator, O(1)lq , avoiding correlations with charged-
current decays. Assuming the CKM-like structure for Vd one obtains the limit 
αβ
VLL
< 0.2 for
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Figure 6. Interplay between charm physics, high-pT LHC, and SU(2)L relations for the charged-current
case (` = e, µ and l = e, µ, τ ). The proximity of the WCs to a particular vertex of the triangle is determined,
approximately, by the relative strength of the corresponding constraints. In purple, those constraints that can
be avoided by a particular flavor structure and/or WC combination.
any lepton flavor from KL → piνν¯ decays. This bound, which is considerably stronger than those
from neutral-current charm, can however be alleviated by enforcing down-quark alignment. Even
in this case, the LFV combinations receive better constraints than those from neutral charm decays
(or high-pT dilepton production) by using the correlated bounds from µ − e conversion in nuclei
and LFV tau decays. On the other hand, charm decays and high-pT dilepton tails give stronger
constraints for the lepton-flavor conserving operators with α = β = 1, 2 if down alignment is en-
forced. However, in models producing also the isotriplet SMEFT operator,O(3)lq , kaon semileptonic
decays can provide similar (muon) or better (electron) bounds compared to charm rare decays.
Similarly, for the OαβVRL operator, the correlated bounds from µ − e conversion and LFV tau
decays offer the best limits for the LFV channels, independently of the quark flavor assumptions.
For α = β = 1, 2, the related limits from KL → `+`− yield bounds that are several orders of
magnitude stronger than those from neutral charm decays, unless one imposes down alignment.
On the other hand, the ττ channel remains unconstrained at low energies, even when considering
the SU(2)L relations. Finally, no SU(2)L constraint can be derived for OαβVLR since D → Pνν¯
have not been searched for.
The OαβSLL and O
αβ
TL
operators are related by SU(2)L invariance to di → u`ν and τ → udiν
transitions. The ordering of indices in the chirality-flipping operator is relevant, since the second
index refers to the left-handed lepton, and thus it is the one connected to the neutrino flavor. The
related constraints are several orders of magnitude stronger than neutral charm for OeαSLL , stronger
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Figure 7. Interplay between charm physics, high-pT , and SU(2)L relations for the neutral-current case
(` = e, µ and l = e, µ, τ ). The proximity of the WCs to a particular vertex of the triangle is determined,
approximately, by the relative strength of the corresponding constraints. In purple, those constraints that can
be avoided by a particular flavor structure and/or WC combination.
than high-pT dilepton tails for Oµτ, ττSLL , and comparable to those from neutral charm for O
µµ
SLL
. For
OαβTL , the SU(2)L-correlated low-energy bounds are not competitive with the ones from high-pT
dilepton tails. However, the analysis of the high-pT monolepton tails produced by u¯di → eαν¯β
give a marginal improvement compared to those. The OαβSRR and O
αβ
TR
operators receive correlated
bounds from charged-current charm decays. These are only relevant for the lepton channels involv-
ing the tau flavor, since they are not constrained by the corresponding neutral currents. In this case,
however, high-pT dilepton production offers the best bounds, with the exception of Oτ`SRR that is
better constrained by D → `ντ . The interplay between charm decays, high-pT dilepton tails, and
SU(2)L related constraints for the neutral-current case is summarized in Figure 7 for µ = 2 GeV.
8 Conclusions
Charm is a cornerstone of the SM; a unique arena for QCD and flavor, with a bright experimental
future ahead. But how unique is the charm sector as a probe of new physics within the zoo of flavor
and collider phenomenology? In other words, what is the role of charm in a broader quest for a
microscopic theory beyond the SM?
In this work, we performed a detailed phenomenological analysis of new physics affecting
charm ∆C = 1 leptonic and semileptonic flavor transitions. We used effective field theory methods
to establish a model-independent interplay between low- and high-energy experimental data, under
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the assumption of short-distance new-physics above the electroweak scale. The classic flavor-
physics program consists in measuring and predicting the D(s) meson decays with high precision.
In the context of charged currents, we have focused on the pure leptonic decays D(s) → `ν and
the semileptonic decays D → P`ν (P = pi,K), for which accurate and robust predictions from
lattice QCD exist and the most precise measurements have been reported. The main results are
summarized in Table 2, while the analogous limits on neutral currents are reported in Section 6.2.
On the other hand, the analysis of high-pT lepton tails in pp collisions at the LHC provides
complementary constraints. Heavy flavors are virtually present in the proton and contribute to the
Drell-Yan production with an amplitude which is connected by crossing symmetry to the one enter-
ing charmed meson decays. In fact, the energy-growing behavior of the EFT scattering amplitudes
with respect to the SM, compensates for the lower partonic luminosities and lower statistics, even-
tually leading to strong constraints in the high-pT tails. The main results of our recast of recent
ATLAS and CMS searches are reported in Tables 4 and 6 for charged and neutral currents, respec-
tively. A primary concern of the analysis is the EFT validity, discussed at length in Section 4.3.
We find a striking complementarity between charm decays and high-pT lepton tails. The
reason behind this is that QCD selects the parity basis of fermionic currents at low energy, while at
high-pT , chiral fermions act as independent asymptotic states. This is best illustrated for scalar and
tensor operators, where the combination of the two datasets is crucial to set optimal constraints, see
Figure 3. For some scenarios, high-pT lepton tails offer the most competitive probe. As highlighted
in Figure 2, NP in four-fermion vector operators is by an order of magnitude better constrained
in high-pT monolepton tails than in charm decays for all c → die¯ανβ transitions. Somewhat
surprisingly, even for rare FCNC transitions c → u`+`−, we find pp → `+`− high invariant mass
tails to compete well with D → `+`−, see Figure 4. The results presented here are applicable
even beyond charm physics. In particular, in Section 6.4 we reinterpret the high-pT analysis in
terms of limits on b → sτ+τ− transitions to show that these are more stringent that the ones from
B → Kτ+τ− searches.
Embedding the low energy effective theory in the SU(2)L × U(1)Y gauge invariant SMEFT,
implies powerful model-independent correlations among observables in different sectors. Specific
connections usually require to select a specific set of operators and its flavor structure as a remnant
of a particular class of dynamics and symmetries in the UV. Nonetheless, one can assess the level
of tuning required to avoid certain constraints or even find that avoiding all of them is not possible.
An exhaustive map of SU(2)L correlations of charm decays with K, τ and pi decays is presented
in Section 7, see also Figures 6 and 7. In conclusion, and to answer the question posed in the first
paragraph of this Section, the bounds from D(s) decays, high-pT lepton tails and SU(2) relations
chart the space of all SMEFT operators affecting semi(leptonic) charm flavor transitions.
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